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ABSTRACT Conformational changes due to externally applied physiochemical parameters, including pH, temperature, solvent
composition, and mechanical forces, have been extensively reported for numerous proteins. However, investigations on the
effect of ﬂuid shear ﬂow on protein conformation remain inconclusive despite its importance not only in the research of protein
dynamics but also for biotechnology applications where processes such as pumping, ﬁltration, and mixing may expose protein
solutions to changes in protein structure. By combining particle image velocimetry and Raman spectroscopy, we have success-
fully monitored reversible, shear-induced structural changes of lysozyme in well-characterized ﬂows. Shearing of lysozyme in
water altered the protein’s backbone structure, whereas similar shear rates in glycerol solution affected the solvent exposure
of side-chain residues located toward the exterior of the lysozyme a-domain. The results demonstrate the importance of
measuring conformational changes in situ and of quantifying ﬂuid stresses by the three-dimensional shear tensor to establish
reversible unfolding or misfolding transitions occurring due to ﬂow exposure.
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The unfolding of proteins induced by externally applied
physiochemical parameters has been widely investigated,
and although the exact mechanisms remain elusive, new
insights into protein dynamics have been achieved.
Numerous proteins, including the well-studied protein hen
lysozyme, have been shown at acidic pH and with prolonged
heating to form fibrils similar to those responsible for
diseases such as Alzheimer’s, Parkinson’s, and type II dia-
betes (1–3). However, despite numerous investigations, it
is unclear as to whether or not fluid shear flows can also
be exploited to induce conformational changes or unfolding
in proteins. Fluid shear-induced unfolding has been reported
in certain proteins, including von Willebrand Factor (4,5),
b-lactoglobulin (6,7), and glycoprotein Ib (8), yet alternative
studies imply that proteins will not unfold under high shear
rates (9). A crucial problem with shear-induced unfolding
is a lack of conclusively characterized protein behavior as
a function of relevant hydrodynamic parameters, including
spatiotemporal velocity and stress distributions. A further
limitation of many previous studies is that they have relied
on techniques that are unable to measure the conformational
characteristics of proteins during their exposure to shear,
meaning that any reversible changes could not be detected.
To overcome both of these important limitations, we
combined two powerful laser techniques, Raman spectros-
copy and particle image velocimetry (PIV), to experimen-
tally study shear dependency of lysozyme in a more
controlled manner than had hitherto been undertaken. Lyso-
zyme consists of 39% helical structure and 10% b-sheet
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a-domain is rich in a-helical structure with four a-helices,
A, B, C, and D, and a 310 helix, whereas the b-domain
contains b-sheet, several loops, and a further 310 helix.
Thermal unfolding and aggregation of human and egg-white
lysozyme have been extensively documented (1,3) and char-
acterized by Raman spectroscopy (10,11). Raman spectros-
copy is increasingly being applied to protein conformational
studies in solution not only because of its sensitivity to
changes in secondary structure and hydrophilic exposure of
side chains, but also for its ability to determine the presence
of more disordered structures such as PPII helix, which is
now recognized as a common structural motif in unfolded
states (12–15). By using Raman spectroscopy to monitor
protein structure in flow, it should be possible to identify
any flow-induced conformational changes that occur during
and after flow has ceased, thereby monitoring reversible and
nonreversible changes. PIV is an established image-based
technique used to resolve time-dependent velocity fields and
provide accurate estimates of stress magnitudes and distribu-
tions (16). In this study, PIV has been employed to charac-
terize the flow conditions to which proteins were exposed,
so that the behavior of proteins can ultimately be described
as a function of these conditions.
METHODS
Taylor-Couette ﬂow cell
A Taylor-Couette flow cell suitable for laser-based diagnostic techniques
was developed to expose proteins to well-controlled fluid stresses. As shown
schematically in Fig. 1, the flow cell consisted of two concentric cylinders,
a stationary glass outer cylinder and a rotating Teflon inner cylinder. The
radii of the inner and outer cylinders were 20.6 mm and 25.5 mm, respec-
tively. The height of the cylinders, H, was 55 mm, with a characteristic
aspect ratio of H/d ¼ 11.2, where d is the annular gap distance (4.9 mm).
Similar Taylor-Couette flow cells have been used in previous protein studies
doi: 10.1016/j.bpj.2009.02.024
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pump-free, self-contained nature of the flow system is ideal for monitoring
protein behavior with Raman spectroscopy because protein solutions can be
exposed continuously to controlled shear environments.
Raman spectroscopy
Separate experiments were conducted with lysozyme dissolved in 100%
water and then in 95% glycerol solution. Hen egg-white lysozyme was
purchased from Sigma (St. Louis, MO) (L6876 containing 95% protein by
weight with the remainder being sodium acetate and sodium chloride buffer
salts) and used without further purification. The dry material was dissolved
in distilled deionized H2O at a concentration of 10 mg/mL, with a measured
pH of 4.0 (HANNA Instruments pH209 meter (Woonsocket, RI)), which is
below physiological pH but well above that required to unfold hen lysozyme
at room temperature (21–23). Raman measurements were performed using
a ChiralRAMAN spectrometer (Biotools, Jupiter, FL) with the following
experimental conditions used for both the lysozyme in water and lysozyme
in glycerol experiments: laser wavelength 532.5 nm, spectral resolution ~7
cm1, illumination period 0.6615 s. All spectra were acquired for 93 scans
totaling 1.01 min. The laser power for the lysozyme in water was 0.60 W at
the sample and 0.10 W for lysozyme in glycerol because of the large signals
from the glycerol background. A reference spectrum was first collected
under stationary conditions and then with the flow cell inner cylinder driven
at rotational speeds of 30, 60, 90, 120, and 150 rpm. A stepper motor (Smart-
Drive, Cambridge, UK) with a resolution of 52,000 microsteps/revolution
was used to control the rotational speed of the inner cylinder. A final spec-
trum was collected as soon as the cylinder stopped rotating.
Data pretreatments
Data pretreatments of solvent subtraction, baseline subtraction, and
smoothing, applied with Origin 7.5 software (OriginLab, Northampton,
MA), were essential to compare the two different spectral sets monitoring
lysozyme in 100% water and lysozyme in 95% glycerol. As can be observed
in Fig. 2, a and b, both sets of raw data had large but different solvent back-
grounds. By subtracting the appropriate solvent spectrum recorded for each
of the flow speeds, the water background and bands arising from glycerol
were greatly reduced, particularly in the region of 1540–1700 cm1, where
the intensity of water and glycerol backgrounds was far lower than that
observed for other regions of the spectra. Baseline subtraction was per-
FIGURE 1 Schematic of experimental setup, including flow cell and
Raman spectroscopy laser and optics.Biophysical Journal 96(10) 4231–4236formed individually for each spectrum to remove baseline drift as a result
of the different flow rates and instrument instabilities. Electronic smoothing
using a fast Fourier transform at two fast Fourier transform points was also
applied to reduce noise.
PIV
Velocity fields were obtained using a time-resolved PIV system (Dantec
Dynamics, Bristol, UK). The measurement plane was illuminated with
a pulsed Nd:YAG laser with a wavelength of 532 nm and a maximum output
of 25 mJ. Image pairs of 1024  1280 pixel resolution were captured using
an IDT (San Jose, CA) XS-3 CMOS camera and timing box. An adaptive
cross-correlation was used with a final window size of 32  32 pixels and
50% window overlapping. The resulting velocity fields included measure-
ments over the full vessel height at 11 locations radially distributed across
the annulus. This measurement density was found to adequately resolve
the flow topologies associated with the different flow rates and solvents
used in this study.
RESULTS AND DISCUSSION
Fig. 3, a and b, display pretreated Raman spectra from ~1540
to 1700 cm1 at different flow rates of lysozyme in water and
FIGURE 2 Raw Raman spectra of lysozyme in 100% water (a) and
lysozyme in 95% glycerol and 5% water (b), recorded without flow, at
increasing rates of flow and immediately after flow was stopped.
Shear-Induced Unfolding of Proteins 4233lysozyme in 95% glycerol, respectively, and reveal changes
in band profile and intensity. These spectral variations show
that in fluid flow, conformational changes do occur in the
lysozyme molecules, although to differing degrees, depend-
ing on solvent and rotation rate. In both experiments, an
increase in intensity and band width in the amide I frequency
(1640–1680 cm1) arising from the C ¼ O stretching of
the peptide CONH groups can be observed as U increases.
The broadening of bands has previously been associated
with denaturation of proteins (10,24), suggesting that some
unfolding of the lysozyme native structure is occurring as
shear rates are increased. In Fig. 3, a and b, the spectral
profile after the flow is stopped is similar to the initial refer-
ence spectrum, indicating that the changes in lysozyme
conformation occurring with flow are reversible. Thermal
denaturing of lysozyme has also been reported as fully
reversible at temperatures below 75C when only brief
periods of heating are used (10,11). Reversible conforma-
tional changes were also observed by Lee and McHugh
(25) in the helix-to-disordered transition of poly-L-lysine in
FIGURE 3 Raman spectra of lysozyme in 100% water (a) and lysozyme
in 95% glycerol and 5% water (b), recorded without flow, at increasing rates
of flow and immediately after flow was stopped.an 87.5% methanol-water solution in simple shear flow as
monitored by flow birefringence and modulated polarimetry.
They observed that helical structure refolded within 20 s of
flow stopping and suggested this may be because of a combi-
nation of chain relaxation and reformation of hydrogen bonds.
Differences in variations can be observed between the two
sets of spectra in Fig. 3. In Fig. 3 a, the largest intensity vari-
ations can be observed in the region ~1630–1700 cm1, the
spectral region associated with elements of secondary struc-
ture, whereas in Fig. 3 b, the most significant changes can be
observed in the region ~1575–1635 cm1, associated with
side-chain interactions. The temperature and thermodynamic
properties associated with thermal denaturation of lysozyme
have previously been shown to be dependent on the compo-
sition of glycerol/water mixtures (26). This is most likely due
to differences in molecular hydration properties near the
protein surface that result as a function of solvent composi-
tion (27,28) and may affect the behavior of lysozyme in
flow. However, differences in the fluid dynamic properties
for the two cases may also be significant when considering
the varying conformation changes observed in water and in
glycerol. Although both solutions have similar shear rates
(g), they differ considerably in shear stress magnitude (t).
The dynamic viscosity (m) of glycerol solution at 24C is
~430 times greater than that of water, and because t is simply
the product of m and g, the shear stress magnitudes were
much larger for the glycerol experiments. Furthermore, the
Taylor-Couette flow cell generates significant differences
in flow topology and stress distribution for the different solu-
tions. As is well documented, several different flow regimes
occur as a function of Reynolds number, Re ¼ ridUr/m,
where ri is the inner cylinder radius and r is the fluid density
(29). The most significant flow regime transition occurs at
the critical Re number, which is ~98 for the current flow
cell (30). For Re< 98, the flow is in the Couette flow regime,
which is time invariant, axisymmetric, and purely in the
azimuthal (q) direction, i.e., with no radial (r) or axial (z)
component. For the glycerol flow experiments, Re varied
between ~1.1 and 5.7, so even at U ¼ 150 rpm, there was
Couette flow. With water as the solvent, Re varied from
~330 to 1618, well above the critical value. Because of the
complex nature of supercritical flows, the time-resolved
two-dimensional flow field in water was quantified using
PIV. The meridional plane velocity field corresponding to
U ¼ 30 rpm is shown in Fig. 4. A Taylor vortex flow
(TVF) pattern is captured by the measurements, character-
ized by axisymmetric counter-rotating vortices (Taylor
vortices) stacked in the axial direction, with radial inflows
and outflows located between each vortex. Furthermore,
PIV results obtained at higher rotation rates indicate that
above U ¼ 90 rpm, the flow is variable with time, with an
oscillatory motion characteristic of the wavy vortex flow
(WVF) regime, which occurs at higher Re values (29).
For shear experiments with water (Fig. 3 a), bands
increasing in intensity were observed at ~1637, 1640, 1660,Biophysical Journal 96(10) 4231–4236
4234 Ashton et al.and 1695 cm1. Research byTakekiyo et al. (31) suggests that
bands at ~1637 cm1 and 1640 cm1 are associated with
solvated a-helical structure, whereas bands at ~1655 cm1
arise from buried a-helical structure. Shear-induced confor-
mational changes appear to occur in the a-helical structure
of lysozyme in water but not in 95% glycerol (Fig. 3 b).
The band at ~1695 cm1 is assigned to b-structure (32),
further indicating changes in backbone structure in water as
flow rate increases. The increasingly complex TVF and
WVF regimes may initiate a loss of backbone structure in
the lysozyme molecules, which does not occur in the simpler
Couette flow of the glycerol experiment. However, the differ-
ences between Fig. 3, a and b, are most noticeable for bands at
~1556, 1584, 1603, 1614, and 1624 cm1, which increase in
intensity asU increases for lysozyme in 95% glycerol but not
lysozyme in water. The largest intensity increases can be
observed in Fig. 3 b in the phenylalanine-assigned band at
~1603 cm1 (33,34) and the tyrosine-assigned bands at
~1614 cm1 and 1624 cm1 (24,33,34). Further changes,
albeit to a lesser extent, can be observed in the bandsmeasured
at ~1556 cm1 and 1584 cm1, which are assigned to trypto-
phan residues. As shown in Fig. 5, the three phenylalanine
residues and the three tyrosine residues appear to be situated
toward the exterior of the lysozyme structure, compared
with the six tryptophan residues that are closer to the protein’s
core. The observed changes suggest that the considerable
viscous shear stresses alter the conformation or geometry of
the more exteriorly located residues to a greater extent than
the more centrally located tryptophan residues (32,34).
Furthermore, the change in solvent exposure of residues
Phe-38, Phe-34, Tyr-23, and Tyr-20 suggests that the main
structural changes occurring in glycerol are located in the
a-domain, particularly in a-helix B. The relative lack of
change in the environment of the tryptophan residues, in
particular Trp-62 and Trp-63, further illustrates that in 95%
glycerol, large conformational changes occur less in the
b-domain than in the exterior regions of the molecule, which
are probably affected more by the higher shear stresses.
As noted in the Introduction, the ability for fluid flow to
drive protein unfolding has been questioned recently. One
interesting study is that of Jaspe and Hagen (9), who used
FIGURE 4 Meridional plane mean velocity vector field measured using
PIV for water, U ¼ 30 rpm, in the axial region 2.0 % z/d % 6.0, where
z/d ¼ 0 corresponds to the bottom of the flow cell. The vector field is
oriented such that the inner cylinder is located at the bottom of the figure.
The velocity field shown here is the ensemble average of 3000 instantaneous
vector fields.Biophysical Journal 96(10) 4231–4236FIGURE 5 Cartoon representation of the structure of hen egg-white lyso-
zyme drawn from atomic coordinates in the PDB (1LSE) using PyMOL.
Phenylalanine (a), tyrosine (b), and tryptophan (c) residues are shown.
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pumped through small-diameter cylindrical tubes but were
unable to detect protein unfolding. They then used a basic
model to propose a required minimum shear rate of g ¼
107 s1 to unfold typical globular proteins in ‘‘simple’’ shear
flows, and speculated that previous examples of shear-
induced unfolding could be attributed to unusual circum-
stances. However, the results observed in this study with
glycerol as the solvent demonstrate that relatively stable,
globular proteins may, in fact, undergo conformational
changes when exposed to a simple, laminar, flow regime.
Furthermore, the shear rates are relatively low: for the cases
shown in Fig. 3 b, the average shear rate in the Raman
sampling region ranged from g z 1.4  101 s1 at U ¼
30 rpm to gz 7.0  102 s1, i.e., several orders of magni-
tude lower than the minimum suggested by Jaspe and Hagen
(9). In addition, it is clear that the different findings of indi-
vidual studies, including the different results observed here
in water and glycerol, indicate that there are several param-
eters that possibly contribute to protein unfolding. As
a consequence, the question of whether protein molecules
unfold in shear flow is an intriguing one and not as straight-
forward as it seems. It may be that the results Jaspe and
Hagen observed were due to the particular protein, solvent,
stress distribution, and exposure times that were used in their
study. A thorough examination of the effect of these param-
eters on shear-induced unfolding is required to clarify the
circumstances in which denaturation occurs and the struc-
tural changes that each protein experiences.
One issue highlighted by this study is that of fluid shear
characterization. Aside from the difficulties associated with
describing the shear in complicated flows, the choice of
measure is itself problematic. Previous studies of flow-
induced protein unfolding have used different parameters
to describe the shear conditions, although shear rate is prob-
ably the most commonly used (4,9,17,25). However, if the
magnitude of shear rate, rather than shear stress, was the
instigator of the increased solvent exposure of side-chain
residues, then one may expect to see similar changes occur-
ring in water and in glycerol at the same flow rates, but this is
not the case for this study. On the other hand, increased shear
stresses do not appear to be associated with the changes to
the a-helical and b-structure because these were only
observed in water. It may be that in this case, the multiple
dimensionality and time dependence of the shearing and
elongation, as provided by the more complicated TVF and
WVF regimes, initiated structural conformations of the lyso-
zyme backbone. Consequently, we suggest that it is prefer-
able if future work on shear-induced protein unfolding is
conducted with the shear being quantified by the three-
dimensional stress tensor, rather than g. Such an approach
has been used previously to characterize the stress distribu-
tion within cell-culture bioreactors (35) and is necessary to
accurately describe most physiological biomechanics from
a continuum perspective (36).CONCLUSIONS
By combining the two techniques of PIV and Raman spec-
troscopy, we have identified reversible conformational
changes in lysozyme, in water and in 95% glycerol, and
have measured the flow field for each case. The design of
the experiment enabled characterization of protein behavior
in situ, which was essential because of the reversible nature
of the changes: no changes would have been detected had the
protein structure only been recorded post shearing. Although
interactions at the interface between protein and solvent
molecules may be a key reason for the differences observed
in 100% water and in 95% glycerol, the problem should also
be considered from a continuum mechanics perspective. For
instance, the more pronounced conformational changes
observed in the lysozyme molecule dissolved in glycerol,
particularly near the exterior of the molecule and in the
a-domain may be caused by the much higher viscous shear
stresses resulting from the significantly increased dynamic
viscosity of the solvent. Further combining techniques
such as PIV and Raman spectroscopy may open the way
for a new direction in protein engineering and structural
dynamics. By correlating the spatial and temporal three-
dimensional stress field with its effects on the protein, it
should be possible to instigate and eventually control the un-
folding processes, enabling in situ monitoring of shear-
induced conformational transitions. It should also be possible
to establish and minimize any structural changes occurring in
processes such as pumping, filtration, and mixing, essential
for any biotechnological applications involving protein
solutions.
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